Abstract: Sixteen thermophilic strains of the genus Bacillus, representing eight validly described and six invalidly described species, as well as one unassigned strain, were investigated by comparative 16S rDNA analyses and the sequences compared to the existing database for the genera Bacillus and Alicyclobacillus. The majority of strains were found to cluster in two groups represented by B. stearothermophilus and B. pallidus. Bacillus smithii, B. therrnocloacae, and B, thermoruber are phylogenetically well separated and cluster within the radiation of mesophilic bacilli. The as yet undescribed taxon 'B. flavothermus'warrants species status. B. schlegelii and B. tusciae group peripherally with members of Alicyclobacillus and may be reclassified when more phenotypic data support their phylogenetic position.
Introduction
Thermophilic bacilli, described as aerobic or facultatively anaerobic, endospore-forming organisms with growth temperature optima in the range > 45°C to > 70°C, have been isolated for over 100 years from a wide range of mesophilic and thermophilic environments [1] . Although often considered as contaminants of heat-treated food products the importance of these thermophilic bacilli has increased due to their potential as a source of thermostable enzymes, including proteases, amylases, pullulanases, glucose isomerases, lipases, xylanases and DNA restriction enzymes. The therrnodurability of these organisms and their spores means they are useful as steam sterilization controls. The rapid growth rate of these organisms at elevated temperatures has been exploited in their use as test organisms for the detection of penicillin and other inhibitory substances in milk.
Currently these thermophilic bacteria are classified in two genera, Bacillus and Alicyclobacillus, the majority of described species being assigned to the former. Most of the taxonomic studies of the thermophilic bacilli have been based on clas- [2] and an aerobic, Gram-positive closely related coccus Saccharococcus thermophilus [3] ). Except for the first two species listed, which were found to cluster with mesophilic relatives in rRNA group 1 [2] , the latter organisms constituted rRNA group 5 which did not contain any mesophilic representatives [2, 3] . In a recent review, Sharp et al. [1] listed 15 thermophilic members of the genus Bacillus, five of which have been subjected previously to phylogenetic analysis (see above). The remaining strains, together with some additional thermophilic bacilli (most of them being non-validated species), listed in the catalogue of strains of the German Collection of Microorganisms and Cell Cultures, were analysed by 16S rDNA sequencing and the results are presented in this communication. Table 1 lists the strains investigated and their source. Cultures were grown as recommended in the DSM catalogue. Extraction of genomic DNA and PCR amplification of 16S rDNA were performed as described previously [4] . Prep-A-Gene Kit (Bio-Rad, USA) was used to purify PCR products, which were sequenced using the Taq DyeDeoxy TM Terminator Cycle Sequencing Kit (Applied BioSystems, USA). Sequence reactions were electrophoresed using the Applied BioSystems 373A DNA Sequencer.
Materials and Methods
Sequences were aligned to the existing database for members of the genera Bacillus and Alicyclobacillus and two data sets were compared. In the large database, the following regions were not included because of gaps in previously sequenced molecules and regions of alignment uncertainty: 5'-16, 58-112, 181-211, 462-476, 839-913, 1015-1027, 1421-3' (about 1100 nucleotides analysed). The regions 5'-30 and 1421-3' were omitted in the analysis of the second database composed of the rRNA group 5 organisms and Data from ref. [1] , unless indicated otherwise. a [14] ; b [15] ; c [16] (working temperature); a [10] ; e [17] ; r [18] ; g [11] ; h [19] . nd, not determined.
their thermophilic relatives (about 1400 nucleotides analysed). Pairwise evolutionary distances were computed using the correction of Jukes and Cantor [5] . The least squares distance method of De Soete [6] was used in the construction of phylogenetic dendrograms from distance matrices. Transversion distances were computed as described previously [7] . The sequences are available from EMBL under the accession numbers Z26921-Z26935 and Z26939.
Results and Discussion
The almost complete 16S rDNA sequence (98% of total) of 16 strains of eight validly and six currently invalidly described thermophilic Bacillus species plus an unclassified thermophilic strain (Table 1 ) was determined. Due to missing stretches in the reference database, the total number of analysed positions was reduced to about 1100 nucleotides. Only within rRNA group 5 [2] were the sequences of its members almost complete and about 1400 nucleotides could be used in the phylogenetic analysis. B. smithii DSM 4216 was found to share 99.8% similarity with the previously sequenced B. smithii DSM 4216. The differences were found at position 199-208 (B. subtilis positions) and the previously undetermined bases added. However, the phylogenetic position of B. smithii did not change relative to its nearest neighbours as first shown by Ash et al.
[21.
Calculation of the mol % G + C base ratio of the 16S rDNA genes revealed that all thermophilic bacilli had values in the range 57-63. In contrast, the mesophilic members exhibit lower values, ranging between 53 and 55. This phenomenon, which has been observed previously in thermophilic archaea [8] , thermi [9] and clostridia and related taxa [7] , may influence the topologies of phylogenetic trees. The effect of thermophilic bias can be detected by comparison of topologies generated by normal distance and transversion distance analysis [7] . Both types of analysis were employed in this study and, except for a few differences, the branching order observed remained stable. Therefore we are confident that the trees generated using the normal distance analysis ( Figs. 1 and 2 ) reflect an unbiased picture of relationships and the exceptions will be mentioned below. Using both types of analysis we recovered the main five rDNA groups as defined by Ash et al. [2] although the order in which these groups branch differs slightly. Seven of the 15 strains investigated were found to cluster with B. stearotherrnophilus and related species (Fig. 2, Table 2 ) which constitute rDNA group 5, consisting of thermophilic bacilli and the thermophilic asporogenous S. thermophilus [3] . Six of these strains, investigated in a numerical phenetic study [10] , were found to cluster together at the 48% similarity level. 
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95. On the basis of 16S rDNA analysis the as yet invalidly described species 'B. flavothermus' DSM 2641 would seem to represent a valid species. Its position as an individual branch among the other rDNA groups can be backed up at the phenotypic level [10] . Similarly, B. thermocloacae stands phylogenetically isolated and cannot be linked to any of the described rDNA groups. In the light of this finding, DNA/DNA hybridization similarities as high as 22-49% with members of Bacillus species from different rDNA groups appear particularly high and may be due to the methods used (spectrophotometric analysis).
The remaining three thermophilic bacilli form individual evolutionary lines in which only the red pigmented B. thermoruber (optimum temperature for growth 45-48°C) is remotely affiliated to mesophilic Bacillus species, i.e.B, brevis and B. laterosporus in rDNA group 4 (94.6-95.2%) (Fig.  1, Table 3 ). The distinct position of B. thermoruber within this group is confirmed by its high G + C value of DNA and rDNA (both 57%) as compared to significantly lower values for the other two members.
The remaining two species investigated, B. tusciae and B. schlegelii, both facultatively chemolithoautotrophic organisms are the most unrelated thermophilic Bacillus species in this study (85.0-89.5% similarity). Considering their branching points on the line of descent that leads to species of Alicyclobacillus, one can speculate that both B. tusciae and B. schlegelii belong to this genus. Both species share with other members of the genus Alicyclobacillus a high DNA G + C content of 57 and 66 mol %, respectively, and high rDNA base ratios of 62 mol % G + C. The remote position of B. tusciae to A. acidocaldarius is also reflected by the low DNA/DNA similarity value of 17%. The DNA/DNA similarity value between B. tusciae and B. schlegefii was 0% [13] . Differences between B. tusciae and B. schlegelii are also found at the phenotypic level, Bacillus tusciae having a pH optimum of 4.2-4.8 (similar to A. acidocaldarius) compared to a neutral pH optimum for B. schlegelii (Table 1) . A full taxonomic study of these organisms is required to establish their position relative to the genera Alicyclobacillus and Bacillus.
In conclusion, 16S rDNA sequence analysis has demonstrated phylogenetic diversity within the thermophilic bacilli and should provide a basis for the validation or reclassification of some of the strains.
